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inmrnmrnm] 

1 Title of invention 

Ge 3 Ni HAHOBBLV AND METHOD FOR PRODUCING THE SAME 

2 Claims 

Claim 1. A Ge^ nanobelt comprises GejN^ of belt shape, 
of which cross section is not circular but square ana length 
is long. 

Claim 2 . A Ge 3 N4 nanobe It according to claim X, of which, 
width is in the range of '30 to 300 nm, thickness is 150nm or 
less, and length is 1 micrometers or more. 

Claim 3 . A Ge 3 N 4 nanobelt according to claims 1 or 2, , 
wherein said GejN< comprises a-Ge 3 N 4( and the angle between {0001} 
and (1010) planes is 92°. 

Claim 4. A Ge 3 N 4 nanobelt according to claims 1 or 2, 
wherein said Ge 3 N4 comprises g-Ge 3 N 4 , and the angle between a 
belt axis direction and [00013 • direction is 7°. 

Claim 5 . A method for producing a Ge 3 N 4 nanobelt, said 
method comprising the steps of: 
mixing Ge and Sipj powder; 

covering this mixed powder with active carbon particles ? 
heating the mixed powder covered with active carbon 
particles to grow Ge 3 KJ 4 into belt shape; and 
cooling GejN^ having belt shape. 
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Claim 5, ft method for producing a 6e 3 N4 nanobelt 
according to claim 5 r wherein a mixture ratio of Ge and sio r 
is '1-1, 2:1 by weight. 

Claim 7 , A method for producing a GejKU nanobelt 
according to claims 5 or 6, wherein heating is performed for 
1 hours or more at 800 to 860 ^C, 

Claim 8. A method for producing a Ge 3 Ni nanobelt 
according to any one of claims 5-7, wherein said NH 3 atmosphere 
is at a NH 3 flow of 100 -to 400 cm 3 /min, 

3 Detailed Description of Invention 

FIELD OF THE INVENTION 

• The present invention relates a GB3N4 nanobelt and a method, 
for producing the same. More particularly, the present 
invention relates to novel Ge 3 N 4 nanobelt, which may be have 
important application in the future of semiconductor 
nanoteahnoiogy, and a method for producing the Ge 3 N 4 nanobelt. 

BACKGROUND OF THE INVENTION 

Germanium nitride {Ge 3 N 4 ) is an important dielectric 
material in semiconductor technology. It is a promising 
material to be grown in high performance Complementary 
Metal -Oxide Semiconductor (CMOS) germanium devices as a 
replacement for Ge0 2 material , which has a fatal weakness of 
being soluble in water. And GejN 1( by this time, has been 
integrated in Metal -Oxide -Semiconductor (MOS) devices, 
includingMOSFieldEf feet Transistors (MOSFETe) , and fabricated 
as GejNj-InP and GejN/i-GaAs Metal-Insulator-Seroiconductpr Field 
Effect Transistor (MISFET) due to the advantages of withstanding 
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rapid thermal annealing (RTA) temperature, low heat of formation, . 
negligible hysteresis, and zero-current drift. 

In the above mentioned materials, Ge 3 Nd was fabricated 
as a 2 -dimensional film. However, the synthesis of 
1-dimensional (ID) nanoscale materials of Ge 3 N 4 has not yet been 
reported by others . Perhaps research on IE nanoscale materials 
of OejN 4 has been neglected due to the lack of interest in ID 
nanoscale dielectric materials in general. 

As is well known, much investigation interest in ID 
nanoscale materials was stimulated by the pioneer work, of carbon 
nanotubes (CNTs) in 1991. Since then, apart from .the nanotubes 
of BN, WS 2 , BxCyNi and MoS 2 materials, other various ID solid 
nanoscale materials have also been synthesized and studied. 
They are the nanorods related tohigh temperature super -conductor 
(HTSC) materials, Yttrium-barium- copper-oxygen and MgO into 
HTSC materials, nanowires of magnetic material Fe, nanoscale 
networks of conductor material Pt, nanorods of hard materials 
SiC and Si 3 N4 . In addition, nanowires arid nanobelts of 
semiconductor materials, Si, Ge, GaN, GaAs, Zno, snOj, 'ln 3 o 3 and 
Cdo have also been studied. 

These ID nanoscale materials were fabricated for the 
scientific interest and in the belief that they will have various 
applications in the future nano technology . . similarly, 
realization of ID nanoscale materials of Ge^Nj variously, 
applicable by future nano technology is expected. 

Therefore, in the present invention, the object is to 
provide a solution to the above-mentioned problems, and to 
provide a GejN* nanobelt as a novel ID nanoscale material which 
may be have important application in the future of semiconductor 
. nanotechnology, and a method for producing the Ge 3 N 4 nanobelt. 
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The priasent invention f irstlyprovides, asameans to solve 
the above-mentioned problems, a Ge 3 N 4 nanobelt comprises Ge 3 H 4 
of belt shape, of which cross section is not circular but square 
and length is long. 

Also, the present invention secondly provides a Ge 3 N,i 
nanobelt according to the first invention, of which width' is 
in the range of 30 to 300 nm, thickness is 15.0nm or less, and 
length is 1 micrometers or more. The present invention therdly 
provides a Ge 3 N 4 nanobelt according to the first or second 
inventions, wherein said Ge 3 N 4 comprises a-Ge 3 N 4 , and the angle 
between (0001} and (1010) planea is 92°. The invention fourthly 
provides a Ge 3 Ma nanobelt according to the first or second 
inventions, wherein said Ge 3 N 4 ' comprises p-Ge 3 N lf and the angle 
between a belt axis direction and {0001] direction is 7°. 

Further, the present invention fifthly provide a method 
for producing a GeaNi nanobelt, saidmethod comprising the steps 
of mixing Ge and Si0 2 powder, covering this mixed powder with 
active carbon particles, heating the mixed powder covered with 
active carbon particles to grow Ge s N4 into belt shape, and cooling 
Ge 3 N a having belt shape. 

Further, the present invention sixthly provide a method 
for producing a Ge 3 N 4 nanobelt according to the fifth invention, 
wherein a mixture ratio of Ge and Si0 2 is 1-1,2:1 by weight; 
The present invention seventhly provide a method for producing 
a GejNi nanobelt according to. the fifth or sixth inventions, 
wherein heating is performed for 1 hours or more at 800 to 860 
°c. The present invention eighthly provide a method for 
producing a Ge 3 N 4 nanobelt according to any one of the fifth 
to seventh inventions, wherein said NH 3 atmosphere is at a NH 3 
flow of 100 to 400 cm a /min, 
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DETAILED DESCRIPTION OF THE INVENTION 

The Ge 3 N 4 nanobelt of the present invention comprises Ge 3 N 4 
of belt shape, of which cross section is not circular but square 
and length is long. Furthermore, when it says in detail, the 
Ge 3 N 4 nanobelt comprises Ge 3 N 4 of belt shape, of which width is 
in the range of 3D to 300 nm, thickness is lSOnm or less, and 
length is 1 micrometers or more. And the Ge 3 N 4 nanobelts can 
be synthesized by thermal reduction of a mixed Ge4Si0 2 powder 
in NH 3 atmosphere. In conjunction with explaining the method 
for producing of the Ge 3 N4 nanobelt of the present invention, 
the characteristic o.f the present GejN* nanobelt explainedbelow. 

The method for producing the Ge 3 H< nanobelts, said method 
comprising the steps of: 

mixing Ge and Sio 2 powder ,- 

covering this mixed powder with active carbon particles; 

heating these at NH 3 atmosphere; and 

cooling. 

For the synthesis of the Ge 3 N 4 material, various kinds 
of .apparatuses can be uaed, for example, a horizontal furnace 
similar to the apparatus described in Figure 5. With the 
apparatus of Fig, 5, a boron nitride (BN) crucible 4- "2 cm in 
diameter and "2 cm in length is put in the center of the furnace 
1. The apparatus is equipped with heating coil 4, such as a 
low or high frequency coil, is equipped one side inlet pipe 2 
and another side outlet pipe 3. 

In the first step on the present method, Ge and Si0 2 powder 
as starting materials is mixed homogeneously in a weight ratio 
~1.2:1, preferably 1*1 -2 : 1 . This mixed Ge+Si0 2 powder 5 is put 
into the BN crucible A, as shown in the lower part of Pag. 5, 
Then in the second step, this mixed Ge+siO a powder 5 is covered 
with a thin layer of active carbon powder, preferably pure active 
carbon powder 6 , pref erabillty which contained C nanopar tides . 
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In the third step, the mixed Ge+jSi.Oz powder 5 with thin 
carbon layer 6 is heated at NH 3 atmosphere to grow Ge 3 N, into 
belt shape, and the Ge 3 N 4 having belt shape is cooled in the 
fourth step, To be more precise, NHj flow is introduced into 
the furnace l through the inlet pipe 2 to drive the 0 2 out of 
the furnace 1 for a sufficient time before heating, Then the 
mixed Ge+Si0 2 powder 5 with thin carbon layer 6 is heated in 
NHj atmosphere. In the present invention, heating of 1 hours 
orniore at 600 to 860 °C can be a general standard. As a desirable- 
heating, more specifically, heating at 850 °C for 2 hours in 
NH 3 flow of 300 cmVmin Is illustrated. At the cooling step, 
NH 3 flow lasted until the Ge 3 N 4 having belt shape is fully cooled 
down, for example, to room temperature. 

Whereat, theGe 3 N a having belt shape is found on the surface ■ 
of the thin carbon layer as something like a white crust. Then, 
the Ge a M4 nanobelts of the present invention are obtained as 
deposits by dispersing the thin carbon layer into solvents, such 
as alcohol. 

In the present invention, it is thought that the Ge 3 N4 
nanobelts are obtained by thermal reduction based on the 
following reactions. 

In the present method, GeO volatile was generated via- a 
reaction' 

Ge (solid) +3.103 (solid) H- Geo (vapor) +SiO (solid) , 
and then reacted with NBH gas on C rianoparticles sites, thus 
leading to the growth of Ge 3 N 4 lianobelts, This method did not 
require a template of CNTsbut the Ge 3 K t deposition sites supplied 
by C nanoparticles. 

In the resulted Ge 3 N^ nanobelts, the existence of a phase, 
with slight difference from the ideal a phase <P3ic, a=o.8202 
nm. and c=0,5941 nm) and p phase (F6 3 /m, a=0.8038 nm, c=0.3074 
nm) 25 of Ge 3 N 4 was identified. 
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The Ge 3 N 4 nanobelts were made to deposit onto a Cu mesh, 
a. transmission electron microscopy (TEM) specimen was prepared , 
The TEM specimen was studiedby a 300 kv field emission analytical 
electron microscope (JEM-3000F) equipped with an x-ray energy 
dispersive spectrometer (EDS) . 

In the specimen, there were many GejNo nanabelts as ID 
nanoscale materials . it was confirmed as above-mentioned that 
their widths are in the range 30~300 nm and lengths are several 
micrometers or more, Fig.l (a) shows three lengths of such ID 
nanoscale materials, represented by -"A", "B" and "C", 
respectively. By rotating them around their axes, it was found 
that their projection widths changed. Thereby, it can be 
concluded that these ID nanoscale materials did not have a 
circular cross section normal to their axes but sruare cross 
section. Because the observed contrast and shape of the ID' 
nanoscale materils are quite similar to those of Sn0 2 nanobelts 
{Hsu, W. K. etal. Electrochemical formation of novel nanowiree 
ana their dynamic effects. Chem. Phys . Lett. 2B4, 1-77-183 (1998)), 
the ID nanoscale materials may be recognized as nanobelts. 
Moreover, the ratio of thickness to width of the materials can 
be estimated to be "1:2, thickness of almost all nanobelts is 
15 0nm or less. The EDS analysis of the three nanobelts shows 
that they only contain Ge and N, as illustrated in EDS spectrum 
Fig.l (b) , where Cu peaks were generated from the supporting Cu 
grids. It was confirmed that the ID nanoscale materials are 
the Ge 5 N, nanobelts comprises Ge 3 N 4 single crystal, combined with 
other analysis results-. More than 10 nanobelts have been picked 
randomly and checked by EDS analysis, and every EDS spectrum 
is much the same as Fig. 1(b) . 

trig. 2 (a) shows a dark-field image of Ge 3 N 4 nanobeXt "A" 

iff Fig.l (a) by using the lioi reflection in its electron 
diffraction (ED) pattern Fig. 2(b), which can be indexed as 
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[1213] pattern of cc-GsjN*. The measuring d spaeings of (1010) 
and (1101) are 0.702 am and 0.453 nm, which are consistent with 
the corresponding ideal values 0.710 nm and 0.456 nm of oc-Ge 3 N4. 
The belt axis is normal to (3121) plane. The fact that the bright 
region is small is believed to be due to the distortion of 

(1101) plane in other regions of the Ge 3 N 4 nanobelt, resulting 
in the effect that the 1101 reflection of other regions is not 
in agreement with Bragg 's law. The contrast change ie due to 
the bending of the Ge 3 N 4 nanobelt under electron beam 
illuminating.- 

Fig, 3 shows an HRTEM image of Ge 3 N 4 nanobelt *B" with a 

phase, The inset is its ED pattern with 11210] incidence. • In 
this ED pattern, it can be found that every spot has a striation 
along the marked arrow direction. This phenomenon is due to 
a shapeeffectof thenanobelt (P, Hirsh, A. Howie. R.B. Nicholson, 
D.W. Pashley&M. J. Whelan, Electron Microscopy of Thin Crystals 
(London, Butterworths, 1967) p. 98.) -, and the elongated direction 
of the striatione is normal tp thenanobelt axis, which is normal 
to (1011) plane. Y. L . Li et al . explained that the belt axis 
direction normal to (1011) plane can also been found in the 
whiskers of isostructural a-Si 3 N«, it is the result of the growth 
normal to close packing (1011) plane (Jour. Mater. Sci. 31, 
2677(1996) . The d epacings of (1010) and (0001) planes are 0 . 710 
nm and 0 , 595 nm, which are in agreement with the' corresponding 
ideal values 0.710 nm arid 0.594 nm of a-Ge3N4, respectively. 
However, the angle between (0001) and (1010) planes is 92°, with 
a difference 2° from the ideal value 90°. This phenomenon of 
a-Ge 3 Ku material has not yet been reported , Only in a a' -SiAlON, 
a similar phenomenon has been observed, where the angle is 91° 

between (OOOl) and (1010) planes. The origin of this phenomenon 
is unknown. Dong eta!, have reported that the N-Ge-N bond angles 
are 104°~111», while the Ge-N6h-Ge angles are 114° or 123° in 
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a kind oE p-GeA material . These values are slightly different 
from the ideal N»Ge -N bond angle 109.5° and Ge-N6h-Ge bond angle 
12 0°, respectively , In the present a-Ge 3 N4 nanobelt, it 1b 
believed that the 92° angle may be related to slight differences 
of N-Ge-N and Ge-N-Ge bond angles from the ideal values 109.5° 
and 12 0°, respectively. 

Pig. 4 (a) and (b) show the morphology and HRTEM image of 
a-p-GejN* nanobelt, respectively. The inset in (b) is its ED 
pattern with £1210] incidence. The d spacings corresponding 
to 10 10 and 0001 reflections are 0.700 nm and 0.309 nm, 
respectively. They are consistent with the corresponding ideal 
d spacings of 0.696 nm and 0.307 mm of p-Ge 3 N 4 , respectively. 
The belt axis direction have a small angle discrepancy 7°with 
the [0001] direction. On the Ge 3 N 4 nanobelt surface, there are 
some steps marked by "S" . Based on the HRTEM observation, it 
can be suggested that the Ge 3 N 4 nanobelt may have a growth 
schematic diagram Fig. 4(c) . The growth of the 6e 3 N 4 nanobelt 
was along [OOOU direction, while the deposition plane of Ge 3 M< 

moved slightly and contihuouslyalong the [1010] direction during 
the Ge3lf,j deposition stage. 

In the synthesized materials, neither metallic 
nanoparticleg on the tips of the Ge 3 N 4 nanobelts nor Si 3 N 4 material 
were found. Based on the above observation results, it may be 
hypothesized that the formation of . Ge 3 N 4 nanobelts may. result 
from a 2-stage • process , At the initial stage, GeO vapor is 
generated from a following reaction? 

Ge (solid) +S102 (solid) -+ Geo (vapor) +SiO (solid) , 
and then approaches the surface o£ C nanoparticles leading to 
the Ge 3 N 4 nucleation via a vapor -vapor- solid (VVS) reaction; 

3GeO (vapor) +4NH 3 <vapor> + 3C (solid) 

-+ Ge 3 N, (solid) +3CO (vapor) +6H 3 (vapor) . 
The subsequent growth occurs on the Ge 3 N 4 nuclei along their 
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axes via a vappr-vapar (vv) reaction; 
3GeO (vapor) +4NH 3 (vapor) 

^> Ge3N4(3oXid) +3H2O (vapor] +3Hj (vapor) . 
As compared with the WS reaction, the W reaction has a bigger 
change of volume Gibbs energy by a difference -201. KJ for the 
formation of 1 mol Ge 3 N 4 at 850 °C. Hence, if only volume Gibbs 
energy is considered, the W reaction is more preferable and 
may play a dominant role for the growth of Ge 3 N 4 nanobelts. 
Otherwise, only Ge 3 N 4 nanoparticles with sizes similar to that 
of C nanoparticles can be obtained if only the VVS reaction occurs 
on C nanoparticles in-situ. However, if surface Gibbs energy 
is considered, the WS reaction may be more preferable and 
favorable to the formation of small Ge 3 N 4 nuclei because the 
c nanoparticles have larger surface-area and high surface Gibbs 
energy. Generally, the growth of a nanobelt is unimpeded along 
its belt axia, while the growth is impeded normal to its. belt 
axis because of a sufficiently low supersaturation on its side 
faces. In this proposition, the fact that the Ge 3 N 4 nanobelts 
in Fig. 2 (a) and Wig. 3 have different axle direction maybe caused 
by a sufficiently low supersaturation on their different side' 
faces. 

The Ge 3 N 4 nanobelt of the present invention is novel 
dielectric material Ge 3 H.t, having ID nanoscale structure and 
the above characteristics, will be extremely useful to important 
application for semiconductor nanotechnology in the future. 

4 Brief Description of Drawings 

Fig.l (a) shows the morphology of nanobelts "A", "B" and 
"G" , <b) shows the EDS spectrum of nanobelt . "A", where the peaks 
of N-Ka (0.39 keV) , Qe-U( (1.19 kev), Ge-Ka(9.88 kev) and Oe-K|3 
(10.98 keV) are labeled. The Cu peaks were generated from the 



(CL 9) ) 03-1 9 1 200 (P2 0 0 3-1 9JL8 



supporting Cu grids. 

Fig. 2 (a) shows a dark field . mage of nanobelt "A" by using 

the 1101 reflection in ED pattern showed in (b) , (b) shows the 
ED pattern in the left part is from the bright region in (a) . 

The right part is the simulated [1213] pattern of a-Ge 3 N<i. 

Fig. .3 shows an HRTEM image of belt *B". Between the two 
planes with d spacings of 0.710 nm' and 0.595 nm, the angle is 

92°. The inset, is its. ED pattern with [1210] incidence. The 
arrow indicates the direction of the striation on the reflection 
spot. 

Fig. 4 (a) shows the morphology of a p-Oe 3 N 4 nanobelt, (b) 
shows an hrtem image of the nanobelt. Between the belt axis 
and [0001] direction, there is a low angle discrepancy of 7°, 
On the belt surface, there are some steps marked by "S" . (c) 
shows the growth diagram of the- nanobelt and the difference 
between' the belt axis direction and [0001] direction. 
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1 Abstract 

The present invention relates to novel Ge 3 N<i hanobelt, 
which may be have important application in the future of 
semiconductor nanotechnology, and a method for producing the 
GqsNi nanobelt , A method for producing a Ge 3 N.j nanobelt, said 
method comprising the steps of mixing Ge and SiOj powder, covering 
thi a mixed powder wi th active carbon particles , heating the mixed 
powder covered with active carbon particles to grow Ge 3 N 4 into 
belt shape, and cooling Ge^ having belt shape. 
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